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MULTIFOCAL CONTACT LENS WITH ASPHERIC SURFACE 

BACKGROUND OF THE INVENTION 

The present invention relates to an improved lens design. More 
specifically, the present invention relates to an improved multifocal lens using 
one or more aspheric surfaces for vision correction. 

A spherical lens has a front and back surface with each surface having 
a constant radius of curvature. The focal power of the spherical lens is also 
constant. As you move along the lens in a radial direction from the center 
point to the periphery, the optical power of the spherical lens does not change 
except for smaller order effects due to optical aberration. 

An aspheric lens on the other hand has a non-constant radius of 
curvature on one or both of its front and back surfaces. The focal power of 
the aspheric lens changes as you move along the radius of the lens. This 
feature is the basis for a multifocal vision correcting lens. 

The degree to which an aspheric lens departs from a spherical lens is 
measured by the eccentricity parameter e. If e=0, the lens has a spherical 
surface. If e=1 the lens has a parabolic surface; if e>1 the lens has a 
hyperbolic surface, and if e<1 the lens has an elliptical surface. 

One use of the aspheric lens, particularly a contact lens, is to correct 
presbyopia (a vision condition associated with age). Over time the presbyopic 
patient loses visual accommodation (i.e., the ability of the eye to change 
optical power in order to adjust focus for different viewing distances) such that 
objects at near or intermediate viewing distances are not seen clearly without 
the aid of a near power lens. The aspheric lens compensates for presbyopia 
by providing a range of optical power including that required for far, near, and 
intermediate viewing distances. Generally, by increasing the eccentricity e, 
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the range of optical power provided by the aspheric lens increases such that 
the value of e may in principle be adjusted for early or advanced presbyopia. 
However, there appears to be a maximum eccentricity value which is useful. 
With current designs with e values below approximately 0.8, additional near 
power of up to approximately +1 .50 D is possible. This is suitable for early to 
moderate presbyopia. For moderate to advanced presbyopia +1 .50 to +2.50 
D (or more) of additional near power are required. However, if the eccentricity 
e is increased above approximately 0.8 to provide this increased level of 
additional near power, it is found that the quality of distance vision becomes 
so compromised as to be unacceptable to most patients. 

In U.S. Patent No. 4,704,016, a multifocal contact lens is disclosed. 
The major viewing area of the lens is divided into a multiplicity of near and 
distant vision viewing zones. The wearer is able to simultaneously look 
through at least two zones of different power. One way of creating the zones 
is to form a series of concentric rings using a lathe. The annular area of the 
lens is cut alternately for distant and for near vision correction. The 
eccentricity of the surface is varied in dependence on the radius but there is 
no dependence on the equatorial angle <p. Another technique disclosed in the 
patent is to incorporate segments of material having a different refractive 
index from that of the body of the lens. The eccentricity of these lenses is also 
independent of the equatorial angle <p. These lenses do not solve the problem 
of channeling too much light into the near vision portion of the lens. 

U.S. Patent No. 4,898,461 discloses a lens similar to U.S. Patent No. 
4,704,016. Like the foregoing disclosure the lens has a plurality of alternating 
focal power zones. Here, the focal power varies continuously in the radial 
direction within each zone and in the transition area between each zone. The 
eccentricity of these lenses is independent of the equatorial angle <p. These 
lenses also do not solve the problem of channeling too much light into the 
near vision portion of the lens. 

Another contact lens design has been proposed for achieving near and 
distant vision correction known as the translating design. Translating designs 
attempt to exploit the fact that when a wearer looks down to read, a contact 



lens rides up on the wearer's cornea. Translating designs thus attempt to 
place an optical zone with the distance power over the pupil of the eye when 
the patient is looking straight ahead and an optical zone with the near power 
over the pupil when the patient is looking down to read. However, sufficient 
and reliable translation has not been achieved to make the lens satisfactory in 
most applications. Also, the comfort of translating designs is often 
unacceptable to many patients. 

There is a need for an improved multifocal lens which eliminates some 
or all of these problems found in the prior art lens designs. 

SUMMARY OF THE INVENTION 

The present invention provides, according to a first aspect, a contact 
lens having a front surface, a back surface and an apex. The lens defines a 
series of adjacent points at a fixed distance from the apex. The series of 
adjacent points on the lens having a continuously varying power, the series of 
adjacent points extending across an arc of at least 120°. 

According to another aspect of the invention, the contact lens includes 
a front surface and a back surface. One of the front surface and the back 
surface is an aspheric surface wherein the eccentricity varies continuously as 
a function of the angle (p. 

According to yet another aspect of the invention, a bottom portion of 
the lens has an eccentricity that varies continuously as a function of the angle 
<p and a top portion of the lens has a substantially constant eccentricity as a 
function of the angle cp. 

According to a further aspect of the invention, the lens includes two 
side portions that have an eccentricity that varies continuously as a function of 
the angle <p and top and bottom portions that have a substantially constant 
eccentricity as a function of the angle <p. 

The lens of the present invention has several advantages over prior 
lenses including an enhanced visual acuity at near and distance powers. In 
addition, the present invention overcomes the add power problem of previous 



aspheric lenses while retaining the advantages of an aspheric lens, i.e., to 
provide an intermediate vision capability. 

These and other aspects and features of the invention will be further 
understood when considered in conjunction with the following detailed 
description of the embodiments of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 illustrates a perspective view of an embodiment of the present 
invention and the cylindrical coordinate system (p, cp, z) used to describe the 
embodiment; 

Figure 2 illustrates an embodiment of the present invention positioned 
on an eye along with an angular coordinate system used to describe the 
embodiment. 

Figure 3 is a diagram illustrating a ray tracing method used in the 
calculation of the Add power as a function of half chord diameter; 

Figure 4 is a graph showing the Add power as a function of the half 
chord diameter for e min for a first embodiment (BC represents base curve; 
BVP represents back vertex power; e represents eccentricity; D represents 
Diopter); 

Figure 5 is a graph showing the Add power as a function of the half 
chord diameter for e max for a first embodiment (BC represents base curve; 
BVP represents back vertex power; e represents eccentricity; D represents 
Diopter); 

Figure 6 is a graph showing the angular dependence of eccentricity for 
first, second and third embodiments of the present invention (e-1 represents 
the eccentricity in the first embodiment; e-2 represents the eccentricity in the 
second embodiment; e-3 represents the eccentricity in the third embodiment; 
<p represents the equatorial angle); and 

Figure 7 is a contour map of the aspheric surface according to an 
embodiment of the present invention. 
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DETAILED DESCRIPTION OF THE DRAWINGS AND THE 
PREFERRED EMBODIMENTS 

The invention has presently found particular application as a lens for 
vision correction. However, the invention is considered to have far ranging 
applications and potential adaptations and should not be so limited. 

A preferred embodiment of the invention is shown in Figure 1 as a 
contact lens 10. The lens 10 has an optically transparent body 12 with a front 
surface 14 and a back surface 16. The back surface 16 is basically concave 
shaped and is adapted to fit the curvature of the wearer's eye in a 
conventional manner. The front surface 14 includes an aspheric surface 
having an eccentricy e that varies continuously as a function of the equatorial 
angle <p across a portion of the lens. 

To describe this eccentricity, reference is made to the cylindrical 
coordinate system depicted in Figure 1. In Figure 1 the z-axis is also the 
optical axis of the lens, and the orientation of the lens is such that it is 
concave in the direction of the positive z-axis. This particular orientation of 
the lens with respect to the z-axis in Figure 1 is one which is commonly 
assumed for the programming of computer controlled lathes used in lens 
manufacture. Although other coordinate systems could be used, the 
cylindrical coordinate system chosen provides the advantage that standard 
forms for the conic sections may be used to specify the aspheric profile of the 
surface in terms of an angle dependent eccentricity variable e. 

In the cylindrical coordinate system of Figure 1 the position of an 
arbitrary point P is specified in terms of the parameters p, cp and z. The 
parameter p is the radial distance of the point from the z-axis. The parameter 
(p is the angle between the xz-plane and the plane that contains both the z- 
axis and the point P. The parameter z is the distance along the z-axis. These 
parameters may assume the following ranges of values: 

-oo < Z < co 
0 < p < oo 

0° < <p < 360° 



Accordingly, the parameters p, <p and z can represent any point P on, or in, 
the lens 10. 

For convenience, the origin O of the cylindrical coordinate system 
coincides with the apex of the front surface of the lens 10, and the z-axis 
coincides with the optical axis of the lens which can be offset from the 
geometrical axis. Then if we let: 

e = e(<p) = eccentricity as a function of the angle <p 

g = g(cp) = 1 - e 2 

i-j(<p)=1/g = 1/(1-e 2 ) 

r c = apical radius of the aspheric surface = optical radius for the 
apical power 

then for any given value of <p the relationship between p and z may be 
expressed as follows: 

(a) For the case where the front surface is aspheric and the center 
of the lens 10 has a focal power adapted for distance vision: 

P 2 = 2roZ - jz 2 (where 0 < e < 1 and j > 1 ) 

with p = p(cp, z) = (2r Q z - jz 2 ) 1/2 

and z = (p 2 /r Q )/[1 + (1 - jp 2 /r 0 2 ) 1/2 ] and 

(b) For the case where the back surface is aspheric and the center 
of the lens 10 has focal power adapted for distance vision: 

p 2 = 2roZ - gz 2 . • 

with p = p(<p , z) = (2r 0 z - gz 2 ) 1 ' 2 

and z = (p 2 /r 0 )/[1 + (1 - gp 2 /r 0 2 ) 1/2 ] 
As shown, the <p dependence of p (<p, z) in the above equations is 
determined entirely by the variables j or g which in turn are functions only of 
e(cp). 

The present invention encompasses embodiments where the center of 
the lens has a power adapted for near vision or for distance vision. However, 
for illustration purposes, only the center distance embodiments will be 
discussed. The present invention also encompasses embodiments that have 
aspheric surfaces on either the front or back surface, or on both surfaces. 



Only the front surface configuration is illustrated in the embodiments 
discussed below. 

Given the relationship between p and z, the following description is 
directed to three different embodiments, each using a different function e(q>). 
As those of ordinarily skill in the art will recognize, other relationships between 
e and <p come within the scope of the present invention. For example, factors 
such as the desired additional near power, the centration and movement of 
the lens on the eye, and patient characteristics such as pupil size may lead to 
other preferred relationships between e(cp). 

For each of the embodiments, it is convenient and conventional to 
further describe an angular orientation with respect to the lens in terms of a 
clock face. Figure 2 shows the lens 10 mounted on an eye 18 between the 
upper eyelid 20 and the lower eyelid 22. Looking at the front surface 14 of the 
lens 10 the 12 o'clock position is up, the 6 o'clock position is down, and the 3 
o'clock and 9 o'clock positions are to the right and left respectively. In order 
to make the angle cp of Figure 1 consistent with the ophthalmic system for 
specifying angular orientation with respect to the eye, the positive x-axis is 
placed at the 3 o'clock position and the positive y-axis is placed at the 12 
o'clock position in Figure 2. The positive z-axis is therefore pointing out of the 
patient's eye (i.e., out of the page) in Figure 2. In contrast to Figure 1 the lens 
on the eye is now concave in the direction of the negative z-axis. Fortunately, 
this difference between the manufacturing system of Figure 1 and the 
ophthalmic system of Figure 2 is not a source for confusion, since only a 
change in the sign of z is required to switch from one system to the other. 

In the first embodiment, the near correction will be concentrated in the 
4 to 8 o'clock region with an eccentricity that is greater than approximately 
0.8. The 10 to 2 o'clock region will have distance correction with an 
eccentricity that is less than approximately 0.8. And, over the entire lens 10, 
the eccentricity could be on average approximately 0.8. However, other 
eccentricity values can be implemented on a lens construed in accordance 
with the present invention. 
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The eccentricity changes continuously from its maximum value e max at 
6 o'clock and its minimum value e min at 12 o'clock in the first embodiment. 
The function of e(cp) is described as follows: 

e(cp) = A - Bsin (<p) for cp = 0° to 360° 

where the constants A and B are defined by 

A = (e max + e min )/2 and B = (e max - e min )/2 

or e max = e(270°) = A + B and e min = e(90°) = A - B 

A second embodiment of the present invention has a configuration 
where the function e(<p) remains constant at its minimum value in the top half 
of the lens (from 9 o'clock to 12 o'clock to 3 o'clock) and the function e(<p) 
changes continuously (from 3 o'clock to 6 o'clock to 9 o'clock) to a maximum 
value at 6 o'clock. The second embodiment may offer a slightly better 
distance vision but slightly worse near vision than the first embodiment. The 
following equations define the function e(<p) for this embodiment: 



where the constants A and B are defined by 
A ~ e m in and B — e max - emin 

or e max = e(270°) = A + B and e min = e(90°) = A 

The function e(cp) does not have to be sinusoidal to be cyclical in cp. A 
third embodiment has a configuration where the function e(cp) remains 
constant at its minimum value in a top region (from 10 o'clock to 12 o'clock to 
2 o'clock) and remains constant at its maximum value in an inferior region 
(from 4 o'clock to 8 o'clock). In the nasal and temporal regions function e(cp) 
changes linearly between a maximum and a minimum level. The following 
equations describe the function e(<p) for this embodiment: 



e(cp) = A 

e(cp) = A-Bsin(cp) 



for 9= 0° to 180° 
forcp = 180° to 360° 



e(cp) 

e((p) 
e(cp) 
e(q>) 
e(cp) 



emax ~ (ei 



Omin (ei 



^max "(Cj 



max 



max 



max 



e min )(<p + 30°)/60° 



e mi n)(<p - 330°)/60° 



e mi n)(cp- 150°)/60° 



forcp = 30° to 150° 
forcp = 150° to 210° 
forcp = 210° to 330° 
for cp = 330° to 360° 



for cp = 0° to 30° 



The three sample functions for e(<p) presented above are expressed in 
terms of the quantities, e max and e min . These quantities are functions of the 
distance power, the desired near Add power, the base curve, center 
thickness, and the refractive index of the lens material. To calculate a specific 
example for illustration purposes, the following baseline values are used: 

Base Curve 8.800 mm 

Center Thickness 0. 1 30 mm 

Refractive Index 1.412 

Apical Back Vertex Power +1 .00 D 

Target Add for e min +1 .25 D at a 1 .6 mm half chord diameter 

Target Add for e max +2.50 D at a 1 .6 mm half chord diameter 

Front Apical Radius 8.6539 mm 

The 1 .6 mm half chord diameter (the distance from the center axis to a 
point on the surface) corresponds to a 3.2 mm pupil diameter. The front 
apical radius value is what is needed to provide the chosen apical back vertex 
power. 

The Add power may be found by various methods such as by direct 
mathematical computation, by graphical construction, by ray tracing, and the 
like. For example, applying the baseline values above to the aspheric front 
surface distance center configuration, the Add power as a function of half 
chord diameter may then be computed by tracing rays for an axial object at 
infinity as shown in Figure 3. The eccentricity of the front surface is then 
adjusted until the desired Add power is achieved. For example, e min = 0.7588 
provides a +1 .25 D Add power at a 1.6 mm half chord diameter. Similarly, 
e max = 0.8527 provides a +2.50 D Add power at the same 1 .6 mm half chord 
diameter. The Add power profiles found by ray tracing for these values of e max 
and e min at other half chord diameters are plotted in Figures 4 and 5. 

The angular dependence of the functions e(<p) for the three 
embodiments are illustrated in Figure 6. In Figure 6, all three functions are 
calculated for the same values of e max and e min , hence, all have the Add power 
profiles shown in Figure 4 for 12 o'clock and in Figure 5 for 6 o'clock. As 
stated previously, the appropriate function e(cp) depends on several factors 
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and must be selected based on the particular application. Factors such as 
ease of manufacture, cost and overall lens performance should be 
considered. For example, the second embodiment may offer slightly better 
distance vision but at the cost of slightly worse near vision than the first 
embodiment. It may be desirable to simplify the angle dependence further for 
the sake of manufacturing ease or cost. Thus, the result of the sinusoidal 
function in e(<p) might be approximated by a sinusoidal function in p which is 
expressed in terms of p max and p min instead of e max and e min . 

The aspheric surface resulting from the first functional relationship, 
e(cp) = A - B sin (<p), is represented by a contour map in Figure 7. To obtain 
the contours in the figure, the cross-section of the aspheric surface is plotted 
in the XY plane for constant values of z. Note that the variation of p with <p is 
small and that all of the contours in the figure may appear to be circles. 
However, they are not circles. To better illustrate that the contours actually 
deviate slightly from perfect circles, a few sample values of p are also given. 
At z = 0.100 mm it may be seen that p is 1.3066 mm at 12 o'clock and 1.3016 
mm at 6 o'clock. Thus, the difference between the maximum and minimum 
value of p is only 5 microns at this value of z. Near the apex, at z = 0.01 0 
mm, the difference between the maximum and minimum p is only a tenth of a 
micron, while at z = 0.700 mm the difference is about 100 microns. This value 
of z corresponds to an aspheric optical zone of roughly 6.6 mm. 

Lenses employing the present invention may be made on conventional 
manufacturing equipment such as a lathe. If a lathing process is used, then 
the axis of the spindle is most conveniently the Z-axis of the cylindrical 
coordinate system of Figure 1 , and the position of the cutting tool during 
lathing is given by p(cp, z). During each revolution of the spindle the cutting 
tool must alternately move closer to and farther from the spindle axis as it 
cycles through the minimum and maximum p values for the current value of z. 
As discussed above for the surface in Figure 7, the magnitude of the 
excursion of the cutting tool over its range of values during each rotation cycle 
is only a fraction of a micron near the apex of the surface. At larger z values, 
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the magnitude of the excursion of the cutting tool increases to something on 
the order of 100 microns or more depending on the size of the aspheric 
optical zone. 

Although specific values for refractive index, base curve, center 
thickness, back vertex power, and Add power targets are given for the sample 
lens computation discussed above, the form of the equations and the method 
of calculation is general and can be applied to other values. One method of 
manufacturing the present invention is to select an existing sphere or toric 
lens series and then graft the desired aspheric optical zone onto the front 
surface. In this approach the main computational task for each member of the 
lens series will be to calculate the required e max and e min values which provide 
the desired Add powers. 

It may be desirable to evaluate a range of values for e max and e min to 
investigate the relationship between the calculated power, the measured 
power, and the clinical power effect. In the above discussion, the calculated 
apical power is used as a designation for the distance power. However, since 
the power changes continuously with the aspheric profile, it is possible that 
the clinical distance power effect is somewhat more plus (or less minus) than 
the apical power. Also, the designated Add power in the above discussion is 
based arbitrarily on the calculated Add power at a 1.6 mm half chord 
diameter. The useful attainable Add power is limited by the degree of 
asphere-induced image degradation that most wearers will accept. 

The lens body 12 can be constructed from material to form a hard, gas 
permeable, or soft contact lens. While the size of lens may be adjusted to suit 
a wearer's eye size, the preferred outer diameter is within the range of 
approximately 8.0mm to 15.5mm. The aspheric surface can be on the front or 
back surfaces or both. The power can be center distance or near. And, if 
needed a toric feature may be added to one of the surfaces. In the described 
preferred embodiments the asphericity is on the front surface, the toric 
surface, if required, would be on the base curve, and the center of the lens 10 
is designed for distance correction with the peripheral part of the optical zone 
designed for near correction. 
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To provide the necessary stabilization to orient the region of maximum 
Add power at the 6 o'clock position on the eye, any of a number of methods to 
prevent lens rotation may be used. For example, a conventional prism ballast 
may be used to achieve rotational stability. 

In manufacturing embodiments of the present invention, coordinate 
systems are chosen by convention, and the system adopted for this 
discussion is selected primarily because the equations for p((p,z) can then be 
written in a very concise form. Since the function e(cp) may be selected such 
that it is smooth and continuous over the whole surface, machining should not 
be difficult. Machining of the lenses can be done directly using a fast tool 
servo system. Suitable machines are provided by Moore and Rank-Pneumo. 
Lenses may also be formed by molding starting from masters which are 
manufactured according to the disclosed mathematical functions to drive the 
tooling. An alternate mathematical formulation is to use spherical harmonics 
or other appropriate expansion that provides a series expansion in terms of an 
amplitude moderated by an angular term. The equipment selected for the 
fabrication process may require a different coordinate system, but once this is 
identified it should be relatively straightforward to perform the necessary 
transformations between the two systems. 

The embodiments described above and shown herein are illustrative 
and not restrictive. The scope of the invention is indicated by the claims 
rather than by the foregoing description and attached drawings. The invention 
may be embodied in other specific forms without departing from the spirit of 
the invention. For example, linear and non-linear changes in eccentricity 
come within the scope of the present invention. Changes that come within the 
scope of the claims are intended to be embraced herein. 



